Bilateral ureteral obstruction (BUO) is associated with renal damage and impaired ability to concentrate urine and is known to induce alterations in an array of kidney proteins. The aim of this study was to identify acute proteomic alterations induced by BUO. Rats were subjected to BUO for 2, 6, or 24 h. Mass spectrometry-based proteomics was performed on the renal inner medulla, and protein changes in the obstructed group were identified. Significant changes were successfully identified for 109 proteins belonging to different biological classes. Interestingly, proteins belonging to the cytoskeleton and proteins related to cytoskeletal regulation were found to be biologically enriched in BUO using online-accessible tools. Western blots confirmed the selected results, demonstrating acute downregulation of proteins belonging to all three cytoskeletal components. The microfilament protein ␤-actin and the intermediate filament proteins pankeratin and vimentin were all downregulated. ␤-Tubulin, an important microtubular protein, was found to be significantly downregulated after 24 h. Also, there was significant upregulation of cofilin, an actin-binding protein known to be upregulated in other nephropathy models. Furthermore, both upregulation and downregulation of cytoskeletal motor and regulatory proteins were observed. These findings were confirmed by immunohistochemistry, which clearly showed alterations in labeling in the inner medulla. Interestingly, we were able to confirm selected results in mpkCCD cells exposed to mechanical stretch. Our findings add to the knowledge of BUO-induced acute changes in the renal cytoskeleton and suggest that these molecular changes are partly mediated by increased stretch of the cells during obstruction. ureteral obstruction; mass spectrometry; acute proteome changes URINARY TRACT OBSTRUCTION is a common condition associated with reduced renal blood flow, glomerular filtration rate (GFR), and an impaired ability to concentrate urine (21). Impairment of the urinary concentrating capacity involves multiple elements including altered expression of key renal membrane water and ion proteins located in different segments of the nephron (14, 24). Furthermore, mechanical stretch due to urine accumulation, hypoxia caused by reduced renal perfusion, and oxidative stress all contribute to the renal damage associated with obstruction (41). Moreover, several proteins involved in cellular stress and inflammation have been shown to be regulated during obstruction (7, 26, 35, 49) . These findings show the involvement of different systems and pathways and indicate that both the systemic and cellular responses during obstruction are complex and broad.
the involvement of different systems and pathways and indicate that both the systemic and cellular responses during obstruction are complex and broad.
Most eukaryotic cells contain a fibrous protein network, the cytoskeleton, which is involved in the majority of the structural and dynamic functions of the cell (39) . The cytoskeleton consists of three major protein families, i.e., microfilaments, microtubules, and intermediate filaments, and is involved in maintaining cell shape, cell movement, cell replication, apoptosis, cell differentiation, and cell signaling (15) . Furthermore, the cytoskeleton has been shown to play an essential role in intracellular vesicle transport to and from the plasma membrane (17) . This transport is essential in maintaining urinary concentration ability, and previous studies have shown that this ability is impaired in obstructive nephropathy (14, 21, 24) .
Disruption of both microfilaments and microtubules has been demonstrated in polycystic kidney disease (50) and in the renal damage observed after ischemia and reperfusion (1, 9, 29, 30) . Smooth muscle samples from children with ureteropelvic junction obstruction revealed alterations in the cytoskeletal structure, which may explain the impaired function of these cells (12) . Consistent with this, there are changes in the expression of selected cytoskeletal proteins and cytoskeletonrelated proteins in the kidney of rats with unilateral ureteral obstruction (UUO) (22) . How cytoskeletal regulation and function are impaired on a broader, molecular level in obstructive nephropathy remains unclear. However, the findings of previous studies on chronic UUO suggest that the alterations may be a compensatory mechanism that protects cells from obstruction-induced stress; a mechanism we hypothesize to be functional in bilateral ureteral obstruction (BUO) as well.
Recently, mass spectrometry (MS)-based proteomics has become an important approach to identifying pathophysiological key elements of disease. Recently, we performed MS analysis of urine from children with urinary tract obstruction, demonstrating changes in urinary proteins, regardless of the underlying cause of the obstruction (44) . Bilateral urinary tract obstruction is clinically a serious condition associated with loss of kidney function. Most studies have been performed using animal models with surgically induced BUO (38) . The aims of this study were to investigate the BUO-induced alterations in proteins and protein pathways by a broad proteomic approach and provide confirmatory protein expression studies using a targeted approach. A study was conducted to identify early dynamic changes in the proteome and the dynamic process underlying these changes in response to acute obstruction. We particularly focused on cytoskeletal proteins and proteins associated with cytoskeleton regulation. We sought to elucidate the mechanism underlying the observed acute changes by using a model of mechanical stretch in collecting duct cells, thereby mimicking the strain put on the rat collecting duct during BUO.
MATERIALS AND METHODS
Experimental animals. All procedures were performed in accordance with the Danish national guidelines for the care and handling of animals and the guidelines published by the National Institutes of Health. The animal protocols were approved by the board of the Institute of Clinical Medicine at Aarhus University according to the license for the use of experimental animals issued by the Danish Ministry of Justice.
Male Munich-Wistar rats (Moellegaard Breeding Center, Eiby, Denmark), weighing 220 -250 g, were used in the experiments. The rats had free access to water and a standard rodent diet (Altromin, Lage, Germany). During the experiments, the rats were kept in cages under a 12:12-h artificial light cycle at 21 Ϯ 2°C and 55 Ϯ 2% humidity.
The rats were anesthetized with sevoflurane, and both ureters were exposed through a midline abdominal incision. A 3-0 silk ligature was used to occlude the ureters (BUO). Age-and time-matched shamoperated controls were prepared and observed in parallel with each BUO group. To identify the dynamic changes over time, BUO was induced for 2 (2-h BUO), 6 (6-h BUO), or 24 h (24-h BUO) with n ϭ 9 for each time point, or the rats were sham operated (SHAM; n ϭ 9). Both kidneys were removed, and the inner medullas were isolated. The inner medulla of the left kidney was used for iTRAQ-based mass spectrometry analysis, and the inner medulla of the right kidney was used for verification experiments with semiquantitative immunoblotting.
Just before the kidneys were removed, 2-3 ml of blood was collected in a heparinized tube for determination of plasma electrolytes and osmolality. The plasma concentrations of creatinine and urea were determined (Vitros 950, Johnson&Johnson). The osmolality of plasma was determined by the freezing-point depression method (model 3900 Advanced Osmometer, Advanced Instruments, Norwood, MA, and Osmomat 030-D, Gonotec, Berlin, Germany).
Cell culture and in vitro experiments. Mouse collecting duct (mpkCCD c14) cells were grown essentially as described elsewhere (17a) . Cells were used between passages 22 and 28. During normal growth, cells were incubated at 37°C in a humidified atmosphere containing 5% CO 2. At 80 -90% confluence, cells were stretched. Data from each cell experiment reflect n ϭ 6, where n is defined as the number of wells/flasks of cells.
Flexcell apparatus. The effect of stretch on cells was studied in vitro using the Flexcell FX-5000T system (Dunn Labortechnik, Asbach, Germany) which provides stretch to adhesive cell types. MpkCCD cells were cultured in collagen-coated BioFlex (Dunn Labortechnik) six-well plates and exposed to uniform static stretch for 2 h. Nonstretched cells were used as controls. The complete system was placed in a CO 2 incubator to maintain the temperature, humidity, and atmosphere during the stretch experiment. For the most optimal situation, stretch of 0 (control) and 20% was applied to the mpkCCD cells.
Preparation of protein samples. Nine animals subjected to the same duration of obstruction were separated into three groups (triplicates), and the inner medullas from the three animals within a group were pooled (i.e., 3 independent analytical samples from the 3 groups). The inner medullas of the kidneys were homogenized in 2 ml of cold lysis buffer [10 mM HEPES, pH 7.2, with a Complete protease inhibitor tablet (Roche)]. The lysate was transferred to ice and then sonicated (Branson Sonifier 250, Branson Ultrasonics, Danbury, CT) at output control 4 and 40% duty cycle for four rounds of five pulses (ϳ10 s/round), with 1 min on ice between each round. The sonicated samples were centrifuged at 400 g at 4°C for 5 min. The supernatant was transferred to an ultracentrifuge tube (Beckman). Lysis buffer was added to fill the tubes, and the samples were centrifuged at 124,000 g for 1 h at 4°C (by using an 80-Ti Beckman fixed-angle rotor). The supernatant from the ultracentrifugation was precipitated overnight by adding 100% TCA to a final concentration of 10% TCA. After centrifugation at 2,600 g for 10 min at 4°C, the protein pellet was washed in ice-cold acetone, centrifuged again, and subjected to iTRAQ labeling. The pellet from the ultracentrifugation was further processed to increase the quality and amount of membrane proteins (3, 4) , which are difficult to analyze using liquid chromatography-tandem mass spectrometry (LC-MS/MS) because of their amphipathic nature. The pellet was washed in carbonate buffer [100 mM sodium carbonate, pH 11.5, with a Complete protease inhibitor tablet (Roche)] for 1 h on ice with repeat cycles of vortexing and passing through a 21-G needle for resuspension of the pellet. The sample was again centrifuged at 124,000 g for 1 h at 4°C.
The pellet was washed with 2 ml of HEPES buffer (10 mM, pH 7.2) to eliminate the carbonate buffer and was subsequently subjected to a two-phase separation with Triton X-114. The protein concentration in the homogenized kidney sample and the two supernatants from the ultracentrifugation was measured using a BCA assay kit (Pierce, Rockford, IL). This enabled estimation of the protein concentration in the final ultracentrifugation pellet.
Two-phase separation for isolation of membrane integral proteins. The pellet from the final round of ultracentrifugation was subjected to two-phase separation (3, 4) . The pellet was resuspended on ice for 1 h in a cold resuspension solution [10 mM HEPES, pH 7.4, 0.15 M NaCl, 1% (wt/vol) Triton X-114 with Complete protease inhibitor (Roche)] to a final concentration of 1 mg protein/ml. The sample was centrifuged at 400 g at 4°C for 5 min. The supernatant was incubated in a water bath (30°C) for 15 min and centrifuged at 1,300 g for 10 min at room temperature to obtain the bottom phase containing the Triton X-114 detergent and membrane proteins. The aqueous top phase was subjected to another round of two-phase separation after the addition of fresh detergent, and the resulting pellet was added to the first bottom phase. This detergent-phase sample was precipitated with 10 vol of ice-cold acetone. After incubation overnight and centrifugation, the pellet was used for iTRAQ labeling.
Trypsin digestion, iTRAQ labeling, and isoelectric focusing of peptides. The procedures have previously been described in detail (37) . In brief, 100 g of proteins from each sample were digested overnight with 2 g of trypsin (Trypsin Gold, Promega, Madison, WI). The samples were processed for iTRAQ according to the manufacturer's protocol for 8-plex iTRAQ (Applied Biosystems). After iTRAQ-labeling and pooling of samples, peptides were purified using a cation exchange (SCX)-cartridge (Strata, Phenomenex, Torrance, CA) and vacuum-dried. The dried peptides were rehydrated using 8 M urea, 0.5% IPG buffer (GE Healthcare, Uppsala, Sweden), and 0.002% bromophenol blue. They were then separated using isoelectric focusing (IEF) on a Multiphor II (Pharmacia Biotech, Uppsala, Sweden) with an IPG gel (Immobiline Dryestrip Gradient, GE Healthcare); pH was 3.5-4.5 and 3-10 for the supernatant and the membrane samples, respectively. After IEF, each strip was cut into 12 fractions, and the peptides were extracted with 5% acetonitrile (AcN) containing 0.5% trifluoroacetic acid, followed by purification on PepClean C 18 Spin Columns (Pierce).
Nanoliquid chromatography and MS analysis. The peptide mixtures were analyzed by liquid chromatography (Easy nLC from Proxeon, Odense, Denmark) coupled with MS (LTQ-Orbitrap, Thermo Fisher Scientific, Waltham, MA) as described earlier (37) . In short, the peptides were separated on a 75-m reverse phase C18 column using a 100-min gradient of 5-35% AcN in 0.4% acetic acid. Full-scan MS detection (m/z 400 -2,000) was performed using an Orbitrap detection system at resolution R ϭ 60,000 (at m/z 400), followed by up to four data-dependent MS/MS scans with LTQ detection of the most intense parent peptides. Dynamic exclusion for 25 s and rejection of the charge state ϩ1 were applied. Pulsed Q dissociation (PQD) fragmentation was performed with an activation time of 0.1 s, 2 microscans, activation Q of 0.7, and normalized collision energy of 33.
Database searches and statistical analysis. The raw data files containing the MS spectra were processed using extract_msn.exe (Thermo Fisher Scientific) to generate peak lists of the tandem spectra. The processed data were searched using the Mascot algorithm, version 2.4 [Matrix Science, London, UK (www.matrixscience. com)] in Proteome Discoverer 1.3 software (Thermo Fisher Scientific) for protein identification and iTRAQ reporter quantification. In each study, all generated peak lists from the 12 different fractions of peptides were merged and searched against the SwissProt Rattus database (SwissProt_2012_03.fasta Version: 2.4, with 7,724 Rattus sequences) using the MudPIT scoring algorithm. The full-scan tolerance was 6 ppm, MS/MS tolerance was 0.6 Da, and up to two missed trypsin cleavages were accepted. Fixed modifications included an iTRAQ-8-plex of lysine and N-terminal and methylthio modification of cysteines. Oxidation of methionine and iTRAQ-8-plex of tyrosine were set as variable modifications. The threshold of significance for protein identification was set to 0.001. The iTRAQ values were reported for proteins with at least five measured iTRAQ values, and the iTRAQ data were normalized to summed intensities to compensate for possible variations in the starting material.
The samples were divided into three separate iTRAQ studies, each comprising SHAM, 2-h BUO, 6-h BUO, and 24-h BUO. The relative ratios between the iTRAQ values for the different time points and for the SHAM rats, 2-h/SHAM, 6-h/SHAM, and 24-h/SHAM, were calculated for each protein, which yielded the independent triplicate values for each time point. Average ratios for each protein were reported as significantly different from 1.0 if they passed two tests: 1) a threshold test of two times the global standard error (2 ϫ 0.15 ϭ 0.3) and 2) Student=s t-test (P Ͻ 0.05) for equal variance data.
Bioinformatics analysis. PANTHER Classification Systems (28) and DAVID Bioinformatics Resources (19, 20) were used for analyzing the MS data. PANTHER was used for annotation of Gene Ontology (GO) terms and classification into protein classes, and DAVID was used for analyzing overrepresented biological processes.
Membrane fractionation for immunoblotting. Inner medullas were homogenized in a dissecting buffer [0.3 M sucrose, 25 mM imidazole, 1 mM EDTA, Complete protease inhibitor (Roche); pH 7.2]. The tissue was homogenized for 30 s in an Ultra-Turrax T8 homogenizer (IKA Labortechnik) and then centrifuged at 1,500 g and 4°C for 15 min. Gel samples were prepared from the supernatant in a Laemmli sample buffer containing 2% SDS. The total protein concentration of the homogenate was measured using a Pierce BCA protein assay kit (Roche).
Electrophoresis and immunoblotting. Gel samples were run on a 12% Criterion stain-free gel (Bio-Rad). After electrophoresis, the gel was activated using the ChemiDoc MP imaging system (Bio-Rad) and Imagelab software (Bio-Rad).
Proteins were transferred to a nitrocellulose membrane (Bio-Rad) using the Trans-blot Turbo transfer system (Bio-Rad). After transfer, the blots were imaged to detect the total amount of protein transferred from the gel to the blot. This value was used for normalization. The blots were blocked with 5% nonfat dry milk in PBS-T (80 mM Na2HPO4, 20 mM NaH2PO4, 100 mM NaCl, 0.1% Tween 20, adjusted to pH 7.4 by adding 10 M NaOH). After washing with PBS-T, the blots were incubated with primary antibodies overnight at 4°C on a tilting table. The antigen-antibody complexes were visualized after incubation with horseradish peroxidase (HRP)-conjugated secondary antibodies (P447 or P448; dilution 1:3,000; Dako, Glostrup, Denmark) by using an enhanced chemiluminescence system (ECL prime, Amersham Pharmacia Biotech), the ChemiDoc imaging system, and Imagelab software (Bio-Rad). Each protein band was subjected to densitometric analysis. The amount of protein in each band was normalized to total protein to ensure equal loading and transfer into the lanes. The protein levels in the BUO animals were calculated as a fraction of the mean of the concentrations in SHAM rats.
Immunohistochemistry. The kidneys from BUO rats and SHAM rats were fixed with 3% paraformaldehyde in a 0.1 M cacodylate buffer (pH 7.4) by retrograde perfusion via the abdominal aorta. Moreover, the kidneys were immersion fixed for 1 h and washed three times for 10 min each with 0.1 M cacodylate buffer. The fixed kidney samples were dehydrated and embedded in paraffin. The paraffinembedded tissues were cut in 2-m sections by using a rotary microtome (Leica Microsystems, Herlev, Denmark).
For immunoperoxidase labeling, the sections were deparaffinized and rehydrated. Endogenous peroxidase activity was blocked with 5% H 2O2 in absolute methanol for 10 min at room temperature. To expose the antigens, the kidney sections were boiled in a target retrieval solution (1 mmol/l Tris; pH was adjusted to 9.0 using 0.5 mM EGTA) for 10 min. After cooling, nonspecific binding was prevented by incubating the sections in 50 mM NH 4Cl and PBS for 30 min, which was followed by blocking in PBS containing 1% BSA, 0.05% saponin, and 0.2% gelatin. Sections were incubated with anti-␤-tubulin antibody (1:50) diluted in PBS, 0.1% BSA, and 0.3% Triton X-100 overnight at 4°C. After washing three times for 10 min each with PBS supplemented with 0.1% BSA, 0.05% saponin, and 0.2% gelatin, the sections were incubated with HRP-conjugated secondary antibody (P448, goat anti-rabbit immunoglobulin, Dako) for 1 h at room temperature. After rinsing with a PBS wash-buffer, the antibodyantigen complexes were visualized with 0.05% 3,3=-diaminobenzidine tetrachloride (Kem-en Tek, Copenhagen, Denmark) dissolved in distilled water containing 0.1% H 2O2. A Leica DMRE (Leica Microsystems) was used for light microscopy.
Primary antibodies. Commercial antibodies were used for Western blots and immunohistochemistry (IHC) ( Table 1) .
Statistical analysis. As described in Database searches and statistical analysis, MS data were analyzed statistically. The results of Western blotting were analyzed using one-way ANOVA and the Tukey-Kramer multiple comparisons post hoc test, which were performed using GraphPad InStat version 3.0 (GraphPad Software). A P value Ͻ0.05 was considered significant.
RESULTS

BUO induces early impairment of kidney function.
To confirm that the obstruction model was functional, we determined the plasma osmolality and the levels of creatinine and urea in the BUO and SHAM rats ( Table 2) . The results showed a significant increase in plasma osmolality and urea levels after 6 h and a significant increase in plasma creatinine levels after 2-h BUO. Increases in these parameters were also observed in our previous study using the same model (45) . In addition, we observed that the kidney weights of the BUO rats were significantly higher than that of the SHAM rats at all time points (1.05 Ϯ 0.09, 1.33 Ϯ 0.13, 1.44 Ϯ 0.23, and 1.77 Ϯ 0.15 g for SHAM, 2-h BUO, 6-h BUO, and 24-h BUO rats, respectively), indicating tissue water accumulation.
iTRAQ labeling combined with LC-MS/MS analysis showed that several proteins are regulated as a result of BUO. Inner medullas obtained from three animals within the same time point were pooled to increase the amount of protein, and this enabled the incorporation of nine biological samples. To improve the proteome coverage of membrane-associated proteins, each sample was fractionated into a hydrophobic membraneassociated protein fraction and a water-soluble protein fraction. This was achieved through a combination of ultracentrifugation and two-phase separation with Triton X (3, 4). After separation, the proteins were digested with trypsin, labeled with iTRAQ isotopes, and, after further fractionation and preparation, analyzed with MS for identification and relative quantification. We obtained 364 protein hits from the membrane fraction (present in 1 or more of the iTRAQ experiments) and 439 hits from the soluble fraction (present in 1 or more of the iTRAQ experiments). A full list is included in the supplementary data (Supplementary Table S1 ; all supplementary material is accessible on the journal website). The protein hits in the membrane fractions were compared with the protein hits in the soluble fractions using a Venn diagram (36) . The diagram showed an overlap of 89 protein hits. This means that 20% of the proteins in the soluble fraction and 24% of proteins in the membrane fraction were common to both the fractions. These results indicate fractionation efficiency similar to an earlier study (3) . To identify biologically significant samples, we assigned a threshold of a minimum change of 30% relative to SHAM and a P value Ͻ0.05 to protein hits that were present in all iTRAQ experiments (in either membrane or soluble fractions). A threshold of 30% (corresponding to 2ϫ the median global SE) was selected to exclude alterations with low biological impact and to reduce the risk of obtaining false-positive results (3). We identified 64 proteins in the soluble fraction and 45 proteins in the membrane fraction, which changed significantly and Ͼ30% in the 2-h BUO, 6-h BUO, or 24-h BUO groups relative to that in SHAM rats (Tables 3 and 4) .
Functional analysis demonstrated changes in many protein classes and highly enriched biological terms. By using available online tools for analyses, we assigned a GO biological term to each protein. This allows for the biological interpretation of massive amounts of data obtained in large-scale MS experiments (19) . The online-accessible program PANTHER (28) was used to assign biological terms to the 109 significantly changing proteins detected in this study (i.e., grouping them based on protein classes) (Fig. 1) . PANTHER grouped the identified proteins into many protein classes. Among those highly represented were adhesion proteins, hydrolases, transport proteins, enzyme modulators, cytoskeletal proteins, and extracellular matrix proteins. The bioinformatics enrichment tool DAVID (19, 20) was used for the detection of enriched biological processes in the obstruction model. Proteins in the membrane and soluble fractions were submitted as one list, and DAVID search results indicated overrepresentation of proteins associated primarily with inflammatory responses, the cytoskeleton, and regulation of cytoskeletal proteins. On the basis of the results from PANTHER and DAVID and the results from the experiments with the BUO model, we focused further investigations on cytoskeletal proteins and proteins involved in the regulation of the cytoskeletal proteins. The DAVID categorization of proteins showing significant changes in their levels and related to the cytoskeleton is presented in Table 5 . Table 5 displays enriched functional annotation terms and associated P values. A P value Յ0.05 indicates that the number of proteins in the associated functional term is larger than that estimated to occur by chance, thereby confirming that the functional term is enriched.
Cytoskeletal pathways and single proteins are regulated in the BUO model at all time points. To confirm the results of quantitative MS and to understand BUO-induced cytoskeletal alterations better, we performed Western blot analyses on cytoskeletal proteins and proteins involved in the regulation of the cytoskeletal components. The results demonstrated significant upregulation of cofilin at all time points, nonsignificant upregulation of myosin 10 in the 2-h BUO and the 6-h BUO groups, significant downregulation of moesin in the 2-h BUO and 6-h BUO groups, of vimentin in the 6-h BUO and 24-h BUO groups, and significant downregulation of ␤-tubulin in the 24-h BUO group ( Fig. 2A and Table 6 ). Only myosin light chain 9 showed contradictory results in the 24-h BUO group, and Western blot results suggested significant upregulation of the protein, whereas MS results showed significant downregu- Proteins from membrane fractions passing the statistical selection criteria of Ͼ30% change and P value Ͻ0.05 are shown. The numbers are change relative to SHAM; n ϭ 3.
lation. In addition, we observed significant reductions in pankeratin and Rac1/2/3 in the 2-h BUO and 6-h BUO groups, in RhoA and Cdc42 in all the BUO groups, and in ␤-actin in the 24-h BUO group (Fig. 2B and Table 6 ). Furthermore, we demonstrated that levels of RhoB and RhoC, 2 proteins involved in microfilament regulation, remained unchanged throughout the time course.
IHC confirmed alterations in cytoskeletal proteins in the inner medulla. To broaden the scope of our analyses, we performed IHC on paraffin-fixed renal tissue from BUO and SHAM rats by using antibodies against cofilin, RhoA, Cdc42, pankeratin, vimentin, and ␤-tubulin (Fig. 3 ). In the cross sections used for IHC, we observed labeling throughout the kidney with all antibodies. In inner medullas from SHAM and BUO animals, antibodies against cofilin, RhoA, Cdc42, pankeratin, and ␤-tubulin all labeled the collecting ducts. An aquaporin-2 (AQP2) antibody was used to confirm collecting localization in the renal tissue (data not shown). Vimentin, a mesenchymal cell marker, was found to be present in renal blood vessels but not the collecting ducts. The labeling of cofilin, an actin-binding protein, increased in response to BUO. This is clearly seen in the 24-h BUO section. Cdc42, RhoA, and ␤-tubulin labeling decreased in the inner medulla in response to BUO whereas pronounced changes in pankeratin labeling could not be detected. Interestingly, the labeling of vimentin also decreased in response to 24-h BUO. These results confirmed selected protein changes demonstrated with Western blotting in the inner medullas from SHAM and BUO animals.
Stretch-induced changes in structural proteins in mpkCCD cells. We aimed to investigate whether mechanical stress of tubular cells due to increased ureteral pressure in the BUO model would cause alterations in cytoskeletal proteins. Using a previously described method (8), mpkCCD cells were grown Proteins from membrane fraction passing the statistical selection criteria of Ͼ30% change and P value Ͻ0.05 are shown. The numbers are change relative to SHAM; n ϭ 3.
on collagen-coated BioFlex plates and exposed to uniform static stretch for 2 h. This is believed to mimic the mechanical stress placed on tubular cells during ureteral obstruction. Immunoblotting demonstrated significantly decreased Cdc42 abundance in the cells (Fig. 4) and significantly upregulated the ␤-tubulin level. Furthermore, there was a decrease in RhoA and pankeratin abundances (nonsignificant). Vimentin could not be detected in these cells, confirming the localization of this protein in endothelial cells demonstrated with IHC.
DISCUSSION
MS-based proteomics in tissues and body fluids, as an approach to investigate the pathophysiology of diseases, has achieved widespread acceptance in renal disease research, including obstructive nephropathy (22, 46, 47) . Several protein classes, molecular pathways, and response systems are known to be affected by obstructive nephropathy; however, the dynamics and many mechanisms underlying these changes remain unclear.
In the present study, acute BUO was induced in rats for various durations. Proteomic analyses were applied to renal inner medullary tissue samples obtained at various time points to identify the proteins whose expression levels changed. The inner medulla was chosen to reduce sample complexity and because the renal tubule segments in the inner medulla are critically affected by the pathophysiological changes seen in BUO models. The aims of the present study were to investigate the BUO-induced alterations in proteins and protein pathways using a broad proteomic approach and provide confirmatory protein expression studies by a targeted approach. The main findings of the present study were that BUO induced alterations in various cytoskeletal proteins and that this occurred acutely. Changes in all three filaments of the cytoskeleton were observed, as were changes in proteins regulating cytoskeletal components and vesicle transport. Importantly, mpkCCD cells subjected to mechanical stretch for 2 h, mimicking the pressure-induced tubular stress during BUO, demonstrated significant alterations in cytoskeletal protein expression. Together, these findings indicate that BUO inflicts major strain on the inner medulla, and the cytoskeletal alterations may partly be caused by cellular stress due to stretching. The early changes are suggested to be an adaptive response to a changed environment induced by pressure-induced stretch of the cells.
The pathophysiology of BUO is complex, and it induces alterations in expression of numerous proteins belonging to many classes.
Acute urinary tract obstruction in rats is associated with acute impairment of several kidney functions (14, 18, 21) . The significantly increased kidney weight at all time points in this study indicated the presence of major mechanical forces in the tubular cells. Using this model, we obtained 803 protein hits in our MS experiment. We focused on proteins whose levels in the experimentally group changed significantly and Ͼ30% relative to that in SHAM rats (3). In total, 109 proteins passed the statistical criteria set up; however, we acknowledge that the identified proteins that did not fulfill these criteria could also be important in the pathophysiology of BUO. In comparison, Nielsen et al. (32) identified 80 proteins showing significant changes in their levels by using a model of lithium-induced nephrogenic diabetic insipidus; this model shared many similarities with the BUO model. Thongboonkerd et al. (48) identified 30 differentially expressed proteins in their mouse model of hypokalemic nephropathy. Although these two groups used slightly different proteomic approaches, their results clearly state that impaired renal function, regardless of the cause, involves complex changes in the expression of numerous proteins. In the present study, the proteins showing significant changes in their levels were grouped into many different protein classes, and several functional GO annotations were enriched. Acute inflammatory responses were found to be highly enriched. These are known contributors to the pathophysiology of obstruction (7, 26, 49) . Proteins with annotations related to the cytoskeleton and its regulation were also found to be highly enriched. Changes in cytoskeletal proteins have previously been demonstrated in chronic UUO models (41) , and this protein class was selected for further analyses.
Cytoskeleton filaments are acutely impaired by BUO. Immunoblotting and IHC of SHAM and BUO tissue confirmed Proteins changing significantly between the bilateral ureteral obstruction (BUO) group and the SHAM group were submitted to PANTHER online (28) . Both membrane fraction proteins and soluble fraction proteins are shown. The figure displays the number of proteins grouped into different protein classes and reveals a broad distribution of the changing proteins in both fractions. PANTHER was not able to assign an annotation to all of the submitted proteins.
the selected results from MS as well as showed that the levels of many other cytoskeletal-related proteins were also altered in the BUO model. These level changes occurred in the direct protein components of the cytoskeleton, cytoskeletal motor proteins, or proteins involved in the regulation of the cytoskeleton-dependent intercellular transport.
The cytoskeleton plays fundamental roles in maintaining cell morphology and tissue stability, as well as in cellular motility, cell proliferation, and cell communication and intracellular signal transduction and transport (15) . Several pathophysiological conditions have been associated with the disruption of the cytoskeleton, including cardiovascular disease syndromes, muscle degenerative and neurodegenerative diseases, cancers, liver cirrhosis, pulmonary fibrosis, and various skin diseases (39) . Only a few papers have been published on cytoskeleton involvement in obstructive nephropathy. A recent study demonstrated changes in the cytoskeleton components of smooth muscle cells in the renal tissue of children with ureteropelvic junction obstruction (UPJO) (12) . The critical alterations in the cytoskeleton may explain increased apoptosis in smooth muscle cells in UPJO and hence the involvement of the cytoskeleton in the impaired renal function associated with this disease. Interestingly, the results of the present study showed changes in the levels of all three cytoskeletal components, i.e., downregulation of the intermediate filament proteins vimentin and P69897 Actin cytoskeleton organization (P ϭ 1, 1E-2) Cofilin 1, nonmuscle P45592 Integrin-␤1 P49134 Myosin, heavy chain 10, nonmuscle Q9JLT0 Myosin, heavy chain 9, nonmuscle Q62812 Ras-related C3 botulinum toxin substrate 1 Q6RUV5 V-ral simian leukemia viral oncogene homolog P63322 Actin filament-based process (P ϭ 1, 3E-2) Cofilin 1, nonmuscle P45592 Integrin-␤1 P49134 Myosin, heavy chain 10, nonmuscle Q9JLT0 Myosin, heavy chain 9, nonmuscle Q62812 Ras-related C3 botulinum toxin substrate 1 Q6RUV5 V-ral simian leukemia viral oncogene homolog P63322 Spindle organization (P ϭ 1, 4E-2) Dynactin 2 Q6AYH5 Myosin, heavy chain 9, nonmuscle Q62812 Tubulin, ␤5 P69897 Regulation of cell shape (P ϭ 2, 7E-2) Myosin, heavy chain 10, nonmuscle Q9JLT0 Myosin, heavy chain 9, nonmuscle Q62812 Paralemmin Q920Q0 Intracellular transport (P ϭ 3, 3E-2)
A kinase (PRKA) anchor protein 12 Q5QD51 ATG2 autophagy related 2 homolog A Q641Z6 RAB35, member RAS oncogene family Q5U316 Coatomer protein complex, subunit ␤ 1 P23514 Cofilin 1, nonmuscle P45592 Myosin, heavy chain 10, nonmuscle Q9JLT0 Myosin, heavy chain 9, nonmuscle Q62812 Similar to Stress-70 protein, mitochondrial precursor P48721 Syntaxin 2 P50279 Regulation of actin polymerization or depolymerization (P ϭ 4, 4E-2) Cofilin 1, nonmuscle; P45592 Ras-related C3 botulinum toxin substrate 1 Q6RUV5 Spectrin, ␤, nonerythrocytic 2 Q9QWN8
Proteins passing the statistically selection criteria were submitted. GO, Gene Ontology. A small P value is associated with a more enriched protein group. A: confirmatory Western blots using antibodies against proteins found in mass spectrometric analyses. B: expanded Western blotting using antibodies against related proteins. Each row shows an immunoblot with a specific antibody, and each lane is loaded with a sample from a different rat; n ϭ 6 for all groups (except RhoA SHAM, n ϭ 5). Relative quantification and statistics are shown in Table 6 .
pankeratin, the microtubular protein ␤-tubulin, and the microfilament protein ␤-actin. Furthermore, we demonstrated upregulation of cofilin, a protein required for reorganization of microfilaments; downregulation of moesin, a protein linking the plasma membrane to microfilaments; and alterations in the levels of myosin and dynactin, motor proteins essential for the transport of vesicles along the cytoskeleton. RhoA, Rac, and Cdc42, which are members of the Ras superfamliy of GTPbinding proteins and which play important roles in the regulation of microfilament organization, were found to be significantly downregulated. The regulation of other members of the superfamily, RhoB and RhoC, was not detected, indicating a specific role of RhoA, Rac, and Cdc42 in the acute response to BUO. The alterations in the expression of a broad range of cytoskeletal proteins and proteins related to the regulation of the cytoskeletal components or of movement along the cytoskeletal fibers illustrate that acute ureteral obstruction induces cytoskeletal damage and invokes a complex set of responses in renal tissue. Several proteins whose levels were found to be altered in this study were also found to be differentially expressed in two other large-scale proteomic studies of nephropathy using different models (32, 48) . Interestingly, the protein cofilin was also found to be significantly upregulated in lithium-and hypokalemia-induced NDI, thereby indicating an important role of this cytoskeletal protein in the renal response to nephropathy. Early changes in the renal proteome are likely to be direct responses to BUO. Significant alterations in the functional parameters of rat plasma at early time points correlate with the finding that the levels of numerous proteins changed acutely after induction of BUO. Our results demonstrate that cellular structures in the inner medulla are immediately affected after ureteral ligation, consistent with the known compromised functions of the inner medulla in response to obstruction (14, 43) . In total, the levels of 71 proteins changed significantly 2 h after induction of BUO. These proteins belong to many different classes and perform diverse functions. These early changes in the protein levels are interesting because they are more likely to be the primary changes due to obstruction, whereas abundance changes at a later time point could be secondary changes due to other effects.
We have previously shown that AQP2 levels were significantly downregulated 2 h after BUO (45) , and another study has detected an activation of the ERK pathway as early as 30 min after unilateral ureteral ligation (27) . In this latter study, the very early changes are suggested to result from a hypertonic stress induced by ureter ligation or, alternatively, to be caused by the mechanical stretch to the tubular cells from fluid accumulation. In fact, mechanical stretch has been demonstrated to be one of many mechanisms giving rise to renal damage in ureteral obstruction models (7, 40) . As stated earlier, the majority of both animal and clinical studies are done in UUO models. For that reason, most of the knowledge accumulated on acute renal responses is derived from this model. In pioneering studies on rats with UUO, Gottschalk and Mylle (16) showed that ureteral and intratubular pressures increased to 40 mmHg 10 -15 min after UUO. The acute increases in intrarenal pressure are suggested to impact the tubular epithelial cells by mechanical stretch due to tubular distention. Changes in specific antioxidant enzymes and stress proteins in in vivo models of obstruction can be retrieved from the in vitro model of cells subjected to mechanical stress (8, 40) . Furthermore, it was recently shown that the inflammatory protein cyclooxygenase 2 increases in in vivo models of UUO and BUO (11, 34) and in an in vitro cell model where renal medullary interstitial cells were subjected to 60-mmHg pressure for 6 h (7). Thus mechanical stress has been shown to trigger inflammatory signaling in various epithelial cell types, suggesting that stretch may participate in the progression of obstructive nephropathy (22) . Based on these previous findings, we suggest that the early changes observed in the current acute BUO model may be the result of increased pressure and mechanical stretch.
Mechanical stress changes cytoskeletal protein expression, mimicking the BUO animal model. We investigated our hypothesis of cellular stretch being responsible for the observed cytoskeletal alterations during acute BUO. MpkCCD cells were subjected to mechanical stretch for 2 h, and the protein Values are means Ϯ SE Bilateral ureteral obstruction (BUO) results are displayed relative to the sham-operated (SHAM) controls; n ϭ 6 for each group, except RhoA SHAM (n ϭ 5). SHAM controls were normalized to 1. *P Ͻ 0.05. **P Ͻ 0.01. ***P Ͻ 0.001. abundances of selected cytoskeletal proteins were determined. Although the in vitro experiments with mpkCCD cells are not fully comparable with the in vivo BUO experiments, the MS and Western blot analysis of BUO from rat kidneys were confirmed by demonstration of significant alterations in ␤-tubulin and Cdc42 protein abundance after 2 h of mechanical stress. The abundances of RhoA and pankeratin decreased, although nonsignificantly.
Interestingly, the abundance of cofilin was not affected by stretch. In inner medullary tissue from BUO animals, we demonstrated a very large and highly significant increase in abundance of this protein, demonstrating that other mechanisms than cellular stretch are primary causes of early protein changes during BUO.
The elevated tubular pressure during obstruction can impart mechanical strain on the renal system, resulting in dilation of the collecting system, parenchymal thinning, tubular atrophy, interstitial infiltration and fibrosis, and a significant loss of kidney function (6) . Cytoskeleton functions include maintenance and stabilization of cellular shape in response to compressive outer forces (5) . Therefore, it is not surprising that the levels of a number of proteins that are either main components of cytoskeletal filaments or related to the regulation of (or transport along) the cytoskeleton were found to be altered. Interestingly, we demonstrated a predominant downregulation of several cytoskeletal proteins. In chronic UUO models, the structural proteins tubulin, vimentin, and actin were upregulated (23, 25, 31, 41, 42) . The present results suggest that the kidney's response to BUO differs from the response seen in other models of nephropathy and provide an insight into the renal response before the onset of nephropathy and enables detection of very early changes in molecular pathways. Con- Immunoperoxidase labeling of cofilin, ␤-tubulin, RhoA, Cdc42, vimentin, and pankeratin in the rat inner medulla. In SHAM and BUO rats, cofilin, ␤-tubulin, RhoA, Cdc42, and pankeratin were found in the collecting duct whereas vimentin labeling was seen in blood vessels. After BUO, an increase in cofilin labeling was detected, whereas labeling of ␤-tubulin, RhoA, Cdc42, and vimentin decreased. No difference in pankeratin labeling could be demonstrated. Negative control without primary antibody is included. Magnification ϫ25.
trary to UUO, there is no contralateral compensating kidney in a BUO model, and it is well established that the intratubular pressure increases more in BUO within 24 h of obstruction than in UUO (18) . The abundance of ␤-tubulin increased in mpkCCD cells exposed to mechanical stretch for 2 h. Interestingly, Western blotting of kidney samples from animals subjected to 2-h BUO demonstrated an increase (nonsignificant) in ␤-tubulin abundance. However, 24-h BUO resulted in decreased ␤-tubulin abundance, demonstrated by MS, Western blotting, and IHC analyses on inner medullary tissue. These results indicate that cellular stretch may induce increased ␤-tubulin abundance at a very early time point, but this increase is followed by reduced expression induced by other mechanisms than stretch.
Consistent with the decreased abundance of Cdc42 in inner medullary tissue during BUO, the study demonstrated a decreased abundance of Cdc42 in mpkCCD cells subjected to stretch. Interestingly, it was recently shown that mice lacking Cdc42 in kidney tubular epithelial cells died of renal failure within weeks of birth. The distal tubules and collecting ducts of the mice kidneys were found to be cystic, and the levels of renal cell apoptosis and fibrosis were increased (10) . Consistent with this, we demonstrated reduced levels of Cdc42 in both tissue and cells, suggesting that this may be a key factor in the development of fibrosis and nephropathy in later stage BUO.
It is also possible that the acutely reduced abundance of certain cytoskeletal proteins in the present study may be an initial attempt of cells to adapt to the increased pressure and stretching they experience very early after ligation (before nephropathy has developed). The upregulations of cytoskeletal proteins observed in several chronic UUO models and other models of nephropathy at later stages could be a final attempt to maintain cell stability.
Recent studies have demonstrated a significant upregulation of cofilin (32, 48) , an ubiquitous actin-binding protein required for reorganization of actin filaments (13) . Without active cofilin, the breakdown and formation of new actin filaments beneath the plasma membrane is severely limited and will not be able to put forward pressure on the overlying membrane to protrude (2) . Consistent with this, cofilin expression was highly increased in our study, supporting our hypothesis that early changes in the cytoskeletal structure and regulation is a response to the BUO-induced cellular stretch and stress, whereby the cells increase their ability to adapt to the changed pressure and try to maintain cell stability.
An important aspect of the present study is the use of two different models to investigate the hypothesis that increased pressure or stretch of renal tubular cells is responsible for the observed cytoskeletal alterations during acute BUO. Previous studies document that the BUO model is a well-established animal model of urinary tract obstruction, which is associated with marked changes in renal functions (14, 22) . To examine whether pressure-induced mechanical stretch is responsible for the molecular changes, mpkCCD cells originating from a mouse were used. Previously we have demonstrated that the changes in kidney functions of BUO mice are similar to that seen in BUO rats (33) (34) (35) 45) . However, a cell model lacks the complexity of an in vivo animal model, and consequently results obtained from the in vivo rat model and the in vitro cell stretch model may not be completely comparable, as also demonstrated in the present study.
In conclusion, we observed alterations in the levels of a number of proteins belonging to different protein classes as a result of BUO, and we propose that these alterations are involved in known impairments in kidney functions in BUO. We demonstrated acute changes in cytoskeletal proteins and in proteins related to the cytoskeleton and showed that some of these changes can be demonstrated in cells exposed to mechanical stretch. We suggest that alterations in structural cellular proteins are early responses to the increased pressure and stretching of renal tubular cells and an attempt to maintain cellular shape and function. . Semiquantitative immunoblot in mpkCCD cells subjected to 2-h mechanical stretch. Significant changes were found in the proteins ␤-tubulin and Cdc42. No changes were detected in cofilin, RhoA, and pankeratin, although the latter 2 demonstrated a nonsignificant decrease; n ϭ 6 (wells/sample). Values are mean Ϯ SE relative to controls. *P Ͻ 0.05.
